The synthesis and characterization of fluorinated carbon nanotubes have been carried out under an inert gas containing fluorine. All of the samples have been characterized by x-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), solid-state nuclear magnetic resonance ( 13 C and 19 F ss-NMR) and transmission electron microscopy (TEM) techniques. The comparison of the effects of various experimental parameters on the structure of fluorinated materials allows the disclosure of the fluorination mechanism. It is shown that fluorine was intercalated into the outer part of the carbon nanotubes initially where graphene layers were coaxial within a distance of 0.60 nm. In contrast, the inner part of the carbon nanotubes was not intercalated. The electrochemical performance such as discharge capacity as a cathode for a primary lithium battery has also been investigated. The samples with a F/C ratio of 0.75 exhibited the best performance, namely high energy and power densities. The highest specific energy density and specific power density were 1147 Wh kg −1 and 8998 W kg −1 , respectively, at a current density of 4 A g −1 .
Introduction
Carbon fluoride (CF x with x = 1) has been extensively studied because it is a good cathode material in primary lithium batteries with a high theoretical specific energy [1] [2] [3] [4] and an excellent solid lubricant at high temperatures [5, 6] . Different synthesis processes are known to yield CF x with variable properties. Two types of synthetic route are usually used to produce CF x , i.e. high temperature synthesis between 400 and 600 • C [7] , and reaction with F 2 in a HF and MF n (IF 5 , ClF 3 , TaF 5 , BF 3 , . . .) gaseous atmosphere at the ambient temperature [8] .
The use of CF x as the active cathode material in primary lithium batteries was first demonstrated by Watanabe et al [9] . The theoretical specific discharge capacity of the Li/CF x battery increases with the increasing fluorine content, x. Commercial Li/CF x batteries normally use a CF x (fluorinated graphite) which has x close to 1. Because Li/CF x (x = 1) batteries have a very high theoretical specific energy (up to 2200 Wh kg −1 ), high average operating voltage (around 2.4 V versus Li + /Li), long shelf life (>10 yr at room temperature), stable operation and wide operation temperatures (−40-170 • C) [10] compared with other primary systems, they have been widely used in many industrial and defense fields which need high energy density batteries. However, the discharge voltage of real Li/CF x (x = 1) batteries (e.g. 2.4 V versus Li + /Li) is usually much lower than the open circuit voltage (3.2-3.5 V versus Li + /Li) of the batteries, showing significant polarization and voltage delay at the beginning of the discharge. One reason for this high polarization is the poor electronic conductivity of strongly covalent CF x (x = 1) materials. This kinetic limitation leads to the poor rate performance of the batteries. In order to solve these problems, Lam et al [11] synthesized a series of CF x with 0.33 < x < 0.63 and it was found that the power capability of Li/CF x batteries was improved. However, their success was made at the expense of the specific capacity. Zhang et al [12] reported a study of the rate-capability of Li/CF x batteries by coating a carbon layer on the commercial CF x materials, aimed at increasing the electronic conductivity. Other methods to increase the electrical conductivity of the CF x have also been explored. For example, Yazami et al [10] synthesized fluorinated carbon nanofibers which reached a maximum of 8057 W kg −1 power density at a current density of 6 C.
Carbon nanotubes as a novel form of carbon material have attracted great interest in the battery field due to their unique electrical and mechanical properties, such as their excellent electrical conductivity and high aspect ratio [13] . The fluorination of single [14, 15] , double [16] and multi-walled [17] [18] [19] carbon nanotubes has been developed recently, in order to modify the structural and electronic properties of the carbon nanotubes' tubular structure. However, detailed characterization and fluorination mechanism analysis of multi-walled carbon nanotubes has not yet been reported. To the best of our knowledge, only in early literature [19] , was the application of fluorinated carbon nanotubes in primary Li batteries primarily explored.
In this study, we investigate the synthetic process of fluorinated carbon nanotubes at a temperature range of 200-430 • C, and the fluorine content in the fluorinated carbon nanotubes up to CF 0.75 was obtained. It is shown that the non-fluorinated core of the material ensures better electronic conductivity, which allows the materials to exhibit high energy and high power densities at the same time.
Experimental details
The carbon nanotubes (CNTs) used in this work were kindly provided by Professor Hongbin Zhang (Department of Chemistry, Xiamen University), synthesized as reported in a previous paper [20] . The fluorinated carbon nanotubes were prepared with 0.3 g of CNTs at a temperatures range between 200 and 430 • C in a fluorine containing gas atmosphere for 12 h. The fluorination level of the products was measured by quantitative 13 C-NMR and gravimetric methods.
The powder x-ray diffraction (XRD) experiments on the products were performed on a PANalytical X'pert diffractometer with a Cu Kα radiation operated at 40 kV and 30 mA. 13 C and 19 F solid-state NMR experiments were performed with Bruker AVANCE 400 and 600 M spectrometers. For 13 C, the chemical shifts were externally referenced to diamantine (38.6 ppm). For 19 F, the chemical shifts were externally referenced by 2F-benzoic acid (108 ppm). FTIR spectra of the samples were obtained with the KBr pellet method on a Nicolet AVATAR 360 spectrometer (Nicolet Instrument Corp., USA). Structure and morphology characterizations were performed using scanning electron microscopy (SEM; Hitachi S4800) and transmission electron microscopy (TEM; JEM-2100, acceleration voltage 200 kV). The electrochemical performance of the materials was assessed using 2025 type coin cells as described earlier 13 C-NMR spectra of carbon nanotubes fluorinated at temperatures of 300, 350, 380, 400 and 430
• C.
in our previous work [21] . The cathode was prepared by mixing 80 wt% fluorinated carbon nanotubes, 10 wt% carbon black and 10 wt% poly (vinylidene fluoride) (PVDF) by weight. The lithium metal disk was used as counter-electrode, and the electrolytes were 1 M LiPF 6 dissolved in ethylene carbonate/dimethyl carbonate (EC/DMC) (1:1 volume ratio). Discharge tests were performed at various currents with a cutoff voltage of 1.5 V by a LAND CT2001A battery test system at 30 • C. Electrical conductivity measurements were performed using a Solartron SI 1260 by applying a 100 mV potential amplitude excitation over a frequency range from 10 MHz to 1 Hz as described earlier in our previous work [21] . The samples were prepared by pressing the powder into pellets (0.5 cm in diameter, 0.4-0.6 mm in thickness) under a pressure of 20 MPa. Both parallel surfaces of the pellet were pressed with copper as the current collector.
Results and discussion
As we know, 13 C-NMR chemical shifts should discern clearly three types of carbon atoms in the fluorinated carbon nanotubes: C without F (pure carbon in carbon nanotubes), CF and CF 2 . Figure 1 shows a 13 C-NMR spectrum of CF x obtained at a spinning rate of 13 kHz. The line at 126 ppm is attributed to sp 2 C, the second line at 110 ppm is assigned to CF 2 groups while the line at 87 ppm is assigned to C-F groups. This is in agreement with the work of Touhara [4] and Hagaman [22] . The 13 C-NMR gives additional information about the nature of the interaction between carbon and fluorine atoms. When the fluorination temperature is lower than 400 • C, the 13 C-NMR spectra exhibit two types of carbon atoms, i.e. the resonance of the non-fluorinated sp 2 C atoms, and sp 3 C atoms in interaction with fluorine, i.e. C-F groups, which are typical of (C 2 F) n blocks in graphite fluoride. However, when the fluorination temperature increases to 400 and 430 • C, a small new peak is observed at 110 ppm which can be ascribed to newly-formed CF 2 groups, the peak for C-F group increases and the peak for sp 2 graphitic carbon atoms decreases but it is still observable. • C. Figure 2 shows the 19 F-NMR spectra of samples at a spinning rate of 15 kHz; the fluorination temperature is between 350 and 430 • C. When the fluorination temperature is 350 • C, the peak at −191 ppm is assigned to C-F groups [4] . When the fluorination temperature is increased to 430 • C, the peak is shifted to −188 ppm. As the fluorination temperature increases from 350 to 430 • C, the observed shift moves from −191 to −188 ppm, which should be related to the increase of the interaction of the C-F bond and the F:C ratio increase. For the fluorination temperatures equal to 400 and 430 • C, the second isotropic peak at −115 ppm is observed; it is clearly larger for the sample where the fluorination temperature is 430 • C, which means a higher fluorine content. This peak can be assigned to CF 2 groups [23] .
The fluorine to carbon ratios (based on gravimetry and 13 C-NMR results) of samples as a function of the fluorination temperature are plotted in figure 3 . When the fluorination temperature is lower than 400 • C, the two methods yield similar results. However, at higher temperatures, such as at 400 and 430 • C, a large discrepancy between the two methods appears. The origin of the discrepancy most likely comes from the thermal decomposition and vaporization of fluorinated carbon nanotubes during the synthesis, which generates volatile alkyl fluorides such as CF 4 , C 2 F 6 , and so on. Thus, we believe that the 13 C-NMR results are more accurate in the estimation of fluorinated carbon in the samples. Here, estimation of fluorinated carbon was done based on the 13 C-NMR results ( figure 3 ). When the fluorination temperature is lower than 400 • C, the F:C = S CF /(S C + S CF ), where S CF and S C are the peak areas of CF and sp 2 C, respectively. When the fluorination temperature increases to 400 and 430 • C, the F:C = (S CF + 2S CF 2 )/(S C + S CF 2 + S CF ), where the S CF , S C and S CF 2 are the peak areas for CF, sp 2 Figure 5 shows the SEM images of the precursor carbon nanotubes and the fluorinated carbon nanotubes at 430 • C. The average diameter of the precursor carbon nanotubes is estimated to be near 49 nm from observations of various parts of the precursor carbon nanotubes. Because of the accommodation of the fluorine atoms within the graphene layers after the fluorination reaction at 430 • C, the average diameter of the fluorinated carbon nanotubes increased to be near 78 nm. Figure 6 shows the TEM images of the precursor carbon nanotubes and the fluorinated carbon nanotubes at 350 and 430 • C. The graphitic structure of the precursor carbon nanotubes is well-defined periodicity of the layers, which is estimated to be near 0.34 nm ( figure 6(a) ), similar to shows two different structures present at the outer part and the inner part of the fluorinated carbon nanotubes. Fluorine was intercalated into the outer part of the carbon nanotubes where graphene layers were planar and the repeat distance is about 0.60 nm. In contrast, the inner part of the carbon nanotubes was not intercalated. However, the graphitic structure is not maintained for the fluorinated carbon nanotubes at 430 • C ( figure 6(c) ). Figure 7 shows the FTIR spectra of the fluorinated carbon nanotubes between 800 and 1800 cm −1 . The fluorination temperature is 350 • C, and the absorption band is observed at 1204 cm −1 , which is attributed to covalent C-F bonding and rarely semi-covalent C-F bonding. When the fluorination temperature is increased to 430 • C, the absorption bands are observed at 1215 cm −1 , which is basically covalent in nature. With regard to the evolution of the vibration frequency covalent C-F bonds as a function of the fluorination temperature, the frequency of covalent C-F shifts to higher frequencies with increasing temperature, going from 1204 cm −1 for fluorinated carbon nanotubes at 350 • C to 1215 cm −1 for fluorinated carbon nanotubes at 430 • C. This is due to the fluorine atoms within the graphene layers increasing with fluorination temperature. When the fluorination temperature is 350 • C, two structures are identified by TEM. In one the planarity of the graphene layers (carbon close to sp 2 hybridization) is preserved and in the other the carbon hexagons are buckled due to the carbon sp 3 hybridization; when the fluorination temperature is 430 • C, the carbon is near to sp 3 hybridization and the C-F bonds are mainly covalent. However, the carbon to sp 2 hybridization has been accurately determined by 13 C-NMR; the non-fluorinated regions in the core should act as an easy electron transport path within the fluorinated carbon nanotubes and improve the electronic conductivity of the fluorinated carbon nanotubes.
For the fluorination temperatures equal to 400 and 430 • C, the peaks at 1340 cm −1 are observed, which are assigned to the asymmetric stretching vibration of CF 2 groups at the outer surface of the carbon nanotubes.
The impedance spectra of the samples are presented in figure 8 , and the conductivities of the different fluorinated samples are calculated and summarized in table 1. The negative effects of the fluorination process on the conductivity of the carbon nanotubes can be clearly observed from these data. The conductivity of the fluorinated carbon nanotubes decreases with the F:C ratio in the fluorinated samples. The possible fluorination process is proposed as follows: fluorine atoms may intercalate into the carbon layer with the π -type electrons step-by-step, and form the covalent C-F bond afterward and result in the carbon hybridization from sp 2 to Figure 6 . TEM images of (a) the pristine carbon nanotubes, and the fluorinated samples at (b) 350
• C and (c) 430 material, higher discharge current causes a decrease in the average discharge voltage and a reduced capacity. Among three different samples, the fluorinated carbon nanotubes at 400 • C (CF 0.75 ) exhibited the best performance both in energy and power density. This sample (CF 0.75 ) delivered high capacity at low discharge current density, e.g. about 690 mAh g −1 at 40 mA g −1 , and increased polarization gradually with current density. In particular, at a very high current density of 4000 mA g −1 , the sample still showed a discharge capacity of 556 mAh g −1 . Table 2 shows the electrochemical performance of the fluorinated carbon nanotubes. A highest power density of 8998 W kg
associated with an energy density of 1147 Wh kg −1 was achieved in the sample with F:C = 0.75 at a current density of 4000 mA g −1 . However, the sample with F:C = 0.84 also delivered a high capacity of 785 mAh g −1 and energy density of 1852 Wh kg −1 at a discharge current density of 40 mA g −1 . These results indicate that the fluorinated carbon nanotubes have an excellent high rate discharge performance as a lithium battery cathode. The non-fluorinated carbon with sp 2 Figure 8 . Impedance spectra of carbon nanotubes fluorinated at temperatures ranging between 300 and 430
• C. Figure 9 . Galvanostatic discharge curves for different current densities of carbon nanotubes, of fluorinated samples at (a) 380
• C, (b) 400
• C and (c) 430
hybridization in the core of the fluorinated carbon nanotubes may contribute to obtaining a high discharge capacity and good rate performance, which should act an easy electron transport path within the fluorinated carbon nanotubes.
Conclusions
A series of fluorinated carbon nanotubes with different F:C ratios have been synthesized at different fluorination temperatures and their physical properties and electrochemical performance have been studied systematically. For the first time, a complete analysis of the rate performance of the fluorinated carbon nanotubes has been performed. It is found that the Fluorine atoms are intercalated into the outer part of the carbon nanotubes and the interlayer distance is 0.60 nm. In contrast, the inner part of the carbon nanotubes is not intercalated; even at a fluorination temperature of 430 • C, the non-fluorinated sp 2 C atoms are still observed by 13 C-NMR. The non-fluorinated graphitic carbon contributes to enhancement of the electrical conductivity in fluorinated carbon nanotubes; that is the reason why samples treated at the lower fluorination temperature of (∼400 • C) exhibit a high energy density of 1147 Wh kg −1 and a highest power density of 8998 W kg −1 at a current density of 4 A g −1 . We believe that the use of fluorinated carbon nanotubes would result in a high energy and high power density primary lithium battery.
